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The object o f this thesis was to determine the 
feasibility of cooling gas turbine blades by introduction 
of a controlled boundary layer of cool air over the blade 
surface. 

This investigation included a static tast of a 
alngla instrumented turbine blade in s variable high 
velocity* high temperature gas stra&a with variable cool- 
ing air flow. Two configurations of tha test bladt were 
used to produce variation in boundary laysr control. 
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•txlsuik effort in the development of gee turbines 
it being exerted to improve specific power output , to reduce 
epecifle fuel consumption and to increase reliability. The 
■cat promising field for the attainment of these objectives 
lies in inersaeing the turbine inlet temperature which is 
presently limited by permissible nitrating tempera turss of 
blading materials* An Investigation of the gae turbine 
thermodynamle cycle reveals the magnitude of improvement 
peeeible by increasing turbine operating temperatures. -uch 
an investigation conducted by the KaQa Chef. 1} shows that 
for a given mass flew of working fluid the specific power 
output le proportional and the specific fuel consumption is 
inversely proportional to the inlet temperature* Fig. 1 
illustrates this relation. 

fha increase of turbine inlet temperature, however, 
is limited by high temperature strength of blade materials. 
The development of high temperature metals is proceeding, 
but at a slow rate. Be* slowly metallurgical progress has 
bean made la shown in Fig. S3 of *ef. S. Allowable blade 
temperatures advanced from 1150° F. in 19^5 to 1*00° t • by 
1940 and to 1385° F. by 1945. The rate of increase has bean 
no greater since 1943. 

Monometallic materials such as ceramics have yet 
to demonstrate their adaptability to the rigorous service 



z 



requirements of turbine blading. As a result the use of 
seas method of cooling the gas turbine blading presents it« 
self as the Method of allotting higher gas temperatures with 
present Materials. 

Several methods of blade' cooling have been pro- 
posed and evaluated. A discussion of these Methods as rela- 
ted to this thesis follows. 

Late Model German turbojet engines such as the 
Jump 004 employed hollow turbine blade cooled internally by 
meane of air blown into the root and exhausted at the tip. 
1650° F. turbine inlet temperature was used with 7f of com- 
pressor air output required to cool blades approximately 
400° F. 

the m-aSa has proposed (Sef. 1) an imprevsasnt to 
thi s method by inserting a core in the blade, leaving a 
small annular air passage. It was found that tbs heat 
transfer fro* blade to. cooling air wee principally in the 
boundary layer and adjacent cooling air so tbs insert per- 
mitted similar cooling with less air flow. Fig. B graphs 
tbs results of this iaproveaent. 

Another cooling method consists of circulating 
water through internal passages in the blade. This syst.- 
cf cooling has accomplished very large blade temperature 
reductions. German applications {Kef. 3) conducted by lt, 
Schmidt permitted 850-930° F. blade temperatures with a -;as 
temperature of 2800° T. Fig. 3 shows an iACA analytical 
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inves tlgatlon of vs ter cooling which also gave considerable 
blade temperature reduction. It must be pointed out that 
while water cooling 1» very effective , the problems of 
handling the high temperature* high pressure water flow at 
high rates wakes service application of this method diffi- 
cult. 

A Bonification of the fortgoing systes, known as 
ria cooling* has also been triad, lore water is circulated 
through the rotor rlw so as to extract heat frost the blade 
root. Lea# temperature reduction is obtained and the die- 

v 

advantages of the water coolant systes still exist. Fit • 4 
shows rlw cooling sffeetivensss. It can be seen from the 
figure that having a blade material of high tharmal conduc- 
tivity* Kg, is essential to this method. 

Ail of the foregoing methods employ the ease 
basic principle of cooling, they do not Inhibit the heat 
transmission to the blade * but do increase the internal 
conductivity* or removal of heat* thereby affecting oooliev. 
me pro; ©sal of this thesis Is to substitute a boundary 
layer of oool air over the blade** surface in order to in- 
hibit the heat transmission from the hot gases to the blade. 

a coating of high temperature ceramic of low con- 
ductivity would eabody this same principle. Fi , 5 shows 
the #ff«ctlveresa of cerexie coatings of various thickn«»se«. 
hile this Is a very promising field Insofar as temperature 
of operation is concerned* the inherent defects of brittle- 
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n see, thermal shook sensitivity end low tensile etrenfth 
have obviated service css of ce reals covered blading. 

If s region of low thermal conductivity can be 
interposed between the gas and the blade , then the objective 
of blade cooling could be accomplished. The natural bound- 
ary layer on the blade is such a region. However, the 
natural boundary layer fores at the temperature# of the b as. 
In this experiment the use of relatively cool air from the 
engine compressor Is suggested to fora a lover temperature 
boundary layer. 

The justification of this idea is based on one of 
the fundamental laws of heat transfer, raurler*e equation 
for conduction (Ref. 4} . (Experience has shown radiation 

affects to be secondary). Stated mathematically for steady 
stats conduction ; 

where q r rate of heat transfer. 

& « coefficient of thermal conductivity. 

A * erosseeiional area of path. 

Si * temperature gradient in direction of heat 
dx flow per unit distance. 

This law shows that for a given configuration the 
rate of haat transfer from gas to blade may be made by re- 
ducing K and/or 

K for air ie reduced by reducing temperature. 

This ie shown mathematically froa >u chens equation: 



4fg » 0 ( T ) 3 /g 
T * C (498) 



* * %S 

•her* t » absolute temper ture 

C * constant £*0129 for air). 

» K at Z2° F. 

The temperature gradient froa tbs boundary layer 

to blade, dt . is reduced by the use of ths cool sir con- 
dx 

trcliod boundary layer. In fact, the eooi air boundary 
layer will at first bo lower in temperature than the blade 
so that the blade will transfer hast to ibe boundary layer. 
Fiowever, the temperature gradient free the hot gas to the 
boundary layer would be increased so it would be rapidly 
heated. The optimum configuration »i w ht therefore require 
a aeries of bleeds from the blade so the average tea; erature 
of the layer along the blade would be minimized. 

In the author's experience a controlled boundary 
layer has been successfully employed tc cool a liquid 
rocket nozzle. In 1936 the author collaborated in the con- 
struction of a liquid rocket as tor in which a boundary 
layer of coolant air bled into the nozzle enabled prolonged 
operation. The nozzle was of slid steel yet endured the 
very high temperature rocket exhaust gases better than any 
contemporary nozzles of superior materials. 
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*ig. & shows the complete test equipment layout 
schematically. the test bla.de was mounted in s closed test 
section supplied with hot gas from a single J-$3 ccsbusti on 
oiiSjRber. Tig* 6 is s photograph of the test section coun- 
ted on the burner. Air was supplied to the burner from the 
compressor of a naturally aspirated Allison 7-1710 engine, 
Fig. 7. The quantity of gas flow was regulated by thrott- 
ling the Allison engins while its temperatur# was controlled 
by burner fuel pressure. The temperature of the blade was 
asasured by two tbsrmocouples. 11 control and measurement 
was done from the control panel adjacent to the gas turbine 
test osll. rig. 6 is a photograph of the control panel. 

The air which formed ths controlled boundary layer wae sup- 
plied fro* tbs laboratory air *ain at regulated pressure. 

The quantity of cooling air was measured in a standard de- 
sign sharp edged orifice meter, shown in Fig. 9. 

The test blade was manufactured from a solid 
Juno 004 turbine blade. Aral lability was the reason for 
selection of this blade. The "tinidur* type alloy (30* 
nickel, IAS chrome, 1.75a titanium, 1C > carbon, balance, 
iron) possessed very difficult achlninji properties and low 
thermal conductivity. The blade roots were cut off fist 
fer convenient mounting and the tip shortened by 3/4 inch 
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b ee.uee of st-aes 11 i tailor;* in the test section. 

•or the first test, configuration * was manufac- 
tured. In il ia blade t i*e cooling air aup. ly bole ea* 
drilled up the blade from root to 1/4 Inch of tip through 
the thickest section. This hole eat .£0 inch in diameter. 
The air bleed holes {1/16 Inch) were drilled frea blade 
surfaces joining the supply hole, ihey were placed at a 
45 degree angle with bla.-s surface. There were six bleed 
boles to each surface, xise exits were ground out with a 
fish tail countersink pattern to distribute the bleed air 
spanwise. A .15 inch hole was drilled up the leading ed. & 
for location of the thermocouple tip at midspan. The trail* 
lag edge was too thin to permit si liar treatment so a i/c.2, 
inch bole was drilled chords! ae at atidspan to snugly hold 
a thermocouple bead. The thermocouple was lead in in a 
stainless steel tube one inch downstream and bent 20 de- 
grees and cemented in the trailing edge hole. Figs. 12, 

12 and 14 si ow the thermocouple mounting. Fig. 10 shows 
the blade between a standard blade and a shortened stand- 
ard blade. The boundary layer is introduced at approxi- 
mately the Z0‘ chord point. 

Configuration § blade is shown in Mg. 11. The 
boundary layer air supply was introduced through a .15 inch 
drilled passa.e 1/4 inch behind the leading ed&e. A 60 de- 
gree included an, le slot was milled down the len, th of the 
leading ed fc # and 5/2,2 inch bleed holes drilled joining the 
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supply pascals. In this design the ccolin* enters the slot 
opposed by stagnation pressure and flows out of the slot on 
both edges, forming tha boundary layer* 

The teat section consisted of the blade ecuntint 
block shown in Fig* 13, and tee side plates aada of alx 
inch channel. Tha bottom was cloaad with a 1/2 Inch 4 late 
to that the hot gases which antsrad at tha top ware con- 
strained to exhaust through tha o^en side. The entrance 
and exit dimension are 3.5 x 4.5 inches, rig. 12 pictures 
the ccwple t* test section* r ig. 14 shows another alee of 
the blade mounting block. The teat blade is centrally loca- 
ted with two parallel aounted standard blades to guide the 
flew. 

Teaperatures of the test blade were measured by 
20 gauge chroael-aluael thermocouples which read on a orown 
recorder. The email else thermocouples provided fast re- 
sponse and uss of standard silli&anits insulations in the 
blade. The insulators were ground slightly in diameter for 
mounting in blade. The thermocouple tips were firmly seated 
in 3/32 inch holes for maximum sensitivity to blade temper- 
atures. The trailing ed*e thermocouple bead was buried com- 
pletely to insure it would sense blade, rather than gas 
temperatures. 

Cewpen sated lead wires connected the ther«*ocou, les 
to the selector switch for tha recorder to eliainate errors 
in readings by variation In ambient tewperaturs. I he gas 
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temerature entering the test section , , was aeaeured oy 

a radiation shielded etere*el»alu«el thermocouple. 
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ifce temperature of the teet blade eas read with 
and without cooling air flow under exactly similar flow 
conditions. This technique permitted comparison of the two 
temperatures obtained to show the blade reduction due to 
cooling air alone. 

The Allison engine was first started and lie 
speed eet to obtain the desired flow rate of burner air. 

The flow rate was measured by -»eens of the pressure drop 
across the orifice in the compressor inlet duct. 

ext, combustion wae initiated in the burner with 
the spark and acetylene flare and fuel pressure adjusted 
until desired gas temperature obtained. hen conditions 
stabilised temperatures and pressures were recorded. Cur- 
ing runs with cooling air, the flow rate was varied in in- 
cre-ents of 1/10 inch of water and temperature recorded 
when stabilised. 

In order to invssticate the cooling effects over 
a broad range of gas velocities three settim s of the 
Allison engine were used to give low, medium and hl£h gas 
flow rates. However, the low flow rate ie not lncli.ded in 
this report as it was unreal lstically low compared with 
actual turbine operation. The flow rate wae below minimum 
idling rate for a J-33 engine. 
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TEST Flft.3tl.TS 

The rtiulU of ths experiment are contained in 
tables £ and II and the graphs, Fi. s. 16 through 19. The 
graphs are plotted to show temperature reduction versus 
•sight of cooling air flow. 

These graphs are similar In shape and show that 
the reduction In blade tesperature was approximately twice 
aa great in the leading edge ae the trailing edge. This 
is to he expected because of the increase in boundary layer 
temperature resulting fro® heat transmission fro® the gas. 
nlso, the thinness of the blade section near the trailing 
edge offers more resistance to heat flow internally. 

The graphs also show that the temperature reduc- 
tion rate is greatest (the elope is axisru®) at low cool- 
ing air rates. This is svldencs that the boundary layer 
is established at low flow rates and is sf festive in re- 
ducing heat transfer. Beyond a flow rate of .2 lb. /-in. 
aost of the graphs become straight line functions. This 
apparently results from thickening of the boundary layer 
and shews the insulating effect ia proportional to the 
thickness. This effect conforms with Fourier’s law. The 
cooling effectiveness, particularly at low flow rates, is 
reater with this method than the method of ig. 2. 
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To Illustrate the cooling effectiveness consider 
the J-23 turbojet engine. Kaximm cooling of 280 F, at 
1600 F. gas ts*<psraturs could be accomplished with only 
2r- of compressor air. 

Configuration A produced re re uniform results 
than those of configuration B, as can be seen by comparing 
Fige. 16 and 17 aith 18 and 19. Configuration A curves 
plotted *ore parallel and gave results proportional to gas 
temperature, while configuration 8 curves intersect and 
are out of order with gas temperature increments. Config- 
uration A probably gave more uni f eras boundary layer forma- 
tion, since the flows were convergent rather than opposed, 
it was calculated that tbs stagnation point cn the leading 
edge would fall in the silled slot so the cooling air 
would spill over both surfaces of the blade and fora good 
boundary layers. From the non-uni fora results at different 
flow rates stagnation point shifting aay be indicated. 

iso, turbulence in the test section *ay have prevented 
uniform boundary layer formation and promoted mixing. It 
is believed that had the blade been manufactured with bound- 
ary layer control slots of the type used in airplane prac- 
tice, much higher quality results would have been obtained, 
ihis type bleed was considered but discarded because of the 
machining problems, which would have required maohinin. be- 
yond shop capacity. 
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tneoa troll able variation In the speed of the 
Allison anuine contributed to inaccuracy of data. A 
•hunting* of about fifty oocurred during auch of the 
running, which produced 50J Brf variations in compressor 
speed. The variation in burner air flow caused drifting 
of gas temperatures. 

Comparison of Figs. 16 with 17, *nd 16 with 19, 
shows cooling effectiveness variation with gas flow rate. 
Cooling effectiveness is greater at the lower flow rate, 
this is consistent with the laws of beat transmission by 
convection. The hast transfer from gas to blada increases 
with velocity* 

From all graphs* the blade temperature reduction 

is shown to increase with gas te rerature. This, also, is 

compatible with the laws of heat transfer, the djfe term of 

dx 

Fourier* s equation increases so sore heat is transferred 
to the cuter boundary layer. But, the heat transfer to 
the blade through the laminar sublayer is of such small 
magnitude thut ths net effect is greater blade temperature 



reduction 
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In visw ©f ths limited scope of the experimental 
teste , no detailed quantitative conclusions can be drawn. 
However, the results obtained fro* the foregoing tests do 
support the following general conclusions: 

1. The introduction of a boundary layer of rela- 
tively cool air on a turbine blade in a high temperature, 
high velocity gas streaa inhibits the transmission of heat 
from the gas to the blade, more than through the natural 
boundary layer, and results in reduction of blade temper- 
ature. 

2. The magnitude of the reduction in blade tem- 
perature is proportions! to the weight flow of air intro- 
duced into the boundary layer up to the limit investigated 
of Z of the gas flow in an equivalent full scale engine. 

3 . This method cf blade cooling Is feasible in- 
sofar as weight flow ©f cooling air required to accomplish 
useful blade temperature reduction is eoncerosd. 
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NO., 0.69 ; ALTITUOE 3 0,000 FT. (Ref. l) 



Fig. 1 



LB FUEL 
THRUST HP- HR 



-18 





V- 




j Q 'jdnivvjdwji s vo 

VI 3SV38DNI 310 1 SSI HM3d 



(Ref. 1) 



Fig. 2 



DILUTION j COOLANT WT /HOT- GAS WT 

VARIATION OF PERMISSIBLE GAS TEMPERATURE INCREASE 
WITH DILUTION. LIFE^IOOO HRS . ;BLADE MACH NO., 0.5 



-19- 



TMERMAL CONDUCTIVITY, k^, l 5 BTU/CHR) C 0 E) ( FT ) 





ISOTHERMS IN BLADE SECTIONS OF DIFFERENT CONDUC- 
TIVITY MATERIAL WITH LIQUID COOLING- GAS PLOW, 
55 LB/ SEX 3 WATER FLOW, 6.4Z LB/SCC; GA5 TEM- 
PER AT URE , 2000° F* WATER TEMPERATURE, ZOO 0 F. 

(Ref. 1) 
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AMOUNT OF COOLING , t 8 e -t m r 

VARIATION OF RIM COOLING EFFECTIVENESS. 
MAXIMUM ALLOWABLE MACH NUMBER , 0-5. 

(Ref. 1) 
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